INTRODUCTION
When the magnetospheric cavity is buffeted by changes in solar wind pressure, a variety of time series responses may ensue. In a previous paper [Southwood and Kivelson, 1990a] , we showed that the response is a function of poskion; different responses can be observed at different locations in the cavity. In this paper we concentrate on the excitation of a particular type of response, the traveling ionospheric vortex. We outline a theory in which pressure perturbations at the boundary give rise to vortex motions in the ionosphere directly at the feet of the tubes connecting to the magnetopause. We show that localized traveling vortex motions are excited in the ionosphere not only in response to isolated pressure pulses, whether enhancements or depressions, but also in response to monotonic decreases or increases to new levels of external pressure.
Vortex motions of ionospheric plasma have been observed Paper number 901A01805.
0148-0227/91DOIA-01805505.00 disturbances have been interpreted as signatures both of flux transfer events (FTEs) E!phic, 1978, 1979] and of pressure pulses [Elphic, 1988; Sibeck et al., 1989a , b] on the magnetopause. Various features of the ionospheric signatures have been used to distinguish among the suggested generation mechanisms, and below we present our reasons for thinking that pressure pulses on the magnetopause are the most plausible. Our purpose, then, is to investigate the perturbation near the ionospheric ends of polar cusp flux tubes produced by pressure variations on the magnetopause. A pressure perturbation generates a compressional MHD signal which will propagate more or less isotropically in the magnetospheric cavity. Coupling to the ionosphere requires the generation of a field-aligned current system that is carded only by the field-guided Alfv6n mode as discussed in earlier papers [Kivelson and Southwood, 1990; Southwood and Kivelson, 1990a, b] . In the present work, we examine specifically the generation of field-aligned currents on flux tubes connecting directly from the magnetopause to the high-latitude ionosphere. The restriction of attention to a portion of the ionosphere that links directly to the boundary enables us to follow the evolution of a perturbation as it propagates along flux tubes, and we can abandon the Laplace transf ørm approach used in our previous paper [Southwood and Kivelson, 1990a] . The perturbations that we are interested in are imposed on a time scale long compared with the time it takes a fast compressional wave to propagate through the interior of the magnetosphere. For example, the velocity characterizing the passage of a pressure perturbation on the boundary is of the order of the magnetosheath flow speed and considerably smaller than the Alfv6n velocity in the magnetosphere. This means that the compressional perturbation is imposed quasi-statically and takes the form of a surface wave decaying inward from the magnetopause [Southwood and Kivelson, 1990a] .
Whereas the compressional component adopts a global quasistatic configuration, shears in the flow, parallel vorticity, fieldaligned currents and other physical quantities associated with the Alfv6n mode are strictly guided by the field. In the next section, we point out that a compression at the boundary not only launches a compressional wave but also excites a sheet of vorticity at the boundary which generates an Alfv6n wave. It is the development and propagation of this disturbance that we next investigate.
We introduce a field-aligned coordinate system ( 
Equations (7) and (8) show that the shear flow induced by the pressure change obeys a one-dimensional wave equation both at the boundary and between the cusp and the ionosphere. The wave motion is forced at the boundary itself [cf. the r.h.s. of (7)]. Elsewhere on the flux tube, there should be no forcing or source term. One may formally write the form of the solution in terms of the source function on the right of (7) using Greeds functions [Morse and Feshbach, 1953] . Evidently, the propagation along the field will introduce a delay between source and responses in the ionosphere corresponding to the travel time of the wave. The variation of the pressure distribution in time and space determines the precise form of the wave fields. In Figure 4 we sketch the type of source function set up by a traveling compressional pressure front of the sort illustrated in Figure 2 . The source function is proportional to the second derivative of the pressure in the azimuthal direction. The sketch shows that the source of azimuthal flow at the boundary changes sign across the region of changing pressure. As the gradient in azimuthal pressure increases, the plasma is pushed azimuthally in one direction, and as the gradient decreases in the latter half of the pulse, the plasma moves in the opposite sense, creating the dipolaf form described earlier.
Any pressure front imposed on the magnetosphere from outside is likely to move at a substantial speed. As a guide, let us assume that it moves at a speed comparable to the velocity of the magnetosheath plasma, -102 km s -1. The Alfv6n speed inside the boundary (of the order of 103 km s -1) is likely to be larger than the sheath speed and so the shear motion is rapidly transmitted along the field, smearing out phase structure imposed by the travel of the front along the direction of the interior field tending to align phase fronts along the field. However, the phase structure perpendicular to the interior field direction is better maintained. It follows that the signals launched from the cusp down to northern and southern ionospheres will retain a scale of azimuthal variation comparable to that of the source pressure magnetopause and ionosphere on a single flux tube and waves standing along B will be locally excited. In principle, the boundary disturbance could be modified by contributions from waves reflected back from the ionosphere, but such an effect is neglected in this treatment. For the events reported by Sibeck et al. [1989a] , the time scale for solar wind pressure pulses was about 8 min, so the case of N > 4 is relevant. The boundary perturbation is imposed on the system in the form of a forced oscillation at a frequency low enough that the system tracks the perturbing force directly.
The flow in the wave is necessarily vortical and thus will penetrate when it reaches the ionosphere. As equation (1) shows, it will set up field-aligned currents into and out of the ionosphere on the tube which maps to the bo.undary, i.e., the tube across which the discontinuity in azimuthal flow occurs. The polarity of the field-aligned currents will be alike in the two hemispheres, that is, either inward on the leading side and outward on the trailing side, or vice versa. The dipolar nature of the source deduced earlier means that a simple pressure increase (or decrease) sets up a twin vortex configuration in the ionosphere. A pulse of pressure (increase then decrease or vice versa) gives rise to a quadrupolar source configuration and a similarly complex arrangement of field-aligned currents. Evidently, the form of the signal can be very much modified if pressure sources of greater complexity are present on the boundary or if they are distributed along portions of the boundary field lines away from the equator. An alternate interpretation, related to a conjecture put forward by Elphic [1988] , is treated theoretically in this paper. We suggest that the source of the vortical flows in the ionosphere is specifically the azimuthal flow imposed at the magnetopause by the passage of a pressure front in the solar wind. The flow imposed at the boundary excites a dipolar field-aligned current that drives a vortical flow in the ionosphere. The ionospheric pattern travels east-west along the polar cusp boundary at a speed comparable to the mapped magnetosheath speed, i.e., faster than the mean speed of the plasma in the ionosphere. The central flow is north-south, and thus it follows that the dipole orientation is primarily in the azimuthal direction, exactly as described by Glassmeier et al. [1989] .
When the source dipole is aligned along the plane of the boundary and travels azimuthally, the pair of field-aligned currents are separated principally in the azimuthal direction. It follows that in the center of the twin vortex, the flow is at right angles to the direction of motion. The propagation speed of a few hundred kilometers per second at the magnetopause
corresponds to a speed of less than or of the order of 10 km s- On order of magnitude grounds, the maximum velocity that can be imposed on plasma in the equatorial plane is of the order of (Ap/Psheath) 1/2. For the slowest perturbations, a quasiequilibrium can be established between the equator and the ionosphere, in which case the flow would map as the square root of B, thus decreasing by a factor of order 30. However, for more rapidly imposed pressure changes, the mapped velocity would be lower than this by up to a factor of about 10 (the ratio that would apply for a standing Alfv6n wave). It follows that the maximum amplitude of the velocity in the ionosphere could be of the order of the phase velocity but it will nomally be less than that by up to a factor of about 10.
Although our model follows Elphic• [1988] conjecture in assuming that changes in solar wind dynamic pressure drive the ionospheric vortices, we diverge from his schematic description of the mechanism in two significant ways. Elphic stresses the compressional part of the perturbation and the associated changes in the location of the boundary. He interprets the ionospheric flows by mapping the radial displacements of the magnetopause into the polar cap. However, the compressional perturbations do not by themselves drive the field-aligned currents needed to set the ionosphere into motion, so we direct our attention to the azimuthal flows that are associated with the boundary displacement and that drive field-aligned currents into the ionosphere. Because Elphic draws a direct link between the motions of the boundary and the ionosphere, he requires a nonmonotonic pressure variation to account for the existence of a pair of vortices. Our interpretation, on the other hand, associates a twin vortex directly with a monotonic pressure variation. Assuming that impulsive events at high latitudes are signatures of FTEs on the magnetopause, Bering et al. [ 1988] described the signatures predicted for the electric field at balloon altitudes using two different models, the Southwood [1987] current dipole model (see Figure 1 ) and the coaxial current model implied by multiple X line reconnection [Lee and Fu, 1985; Lee et al., 1988] . In their analysis, they assumed from the start that the patterns were moving poleward over the balloon. The type of phenomenon discussed in this paper could well make signatures like those discussed by Bering et al.; however, in any current distribution models derived from the theory presented here, the phase motion and the dominant plasma motion in disturbances are separate and can be orthogonal. The phase motion is predicted to be east-west with anti-solar speeds of the order of 3 to 10 km s' 1 in the ionosphere. The plasma motion is vortical of amplitude less than the phase motion and in the simplest cases is north-south in the center of events.
Many of the ionospheric signatures that have been tentatively associated with FTE or other boundary phenomena [e.g., Lanzerotti et al., 1987 ] appear as isolated spikes that relate readily to a single vortex rather than the twin vortices discussed here. We suggest that boundary pressure variations are capable of producing single vortex patterns only accidentally as a result of asymmetries of the pressure variations. If the source function has a very nonsymmetric form as would occur if the pressure rises rapidly and levels off slowly, the field-aligned currents flowing into the ionosphere would create a very unsymmetrical electric field and flow pattern. The currents at the leading edge of the impulse would be conf'med spatially, thus producing clearly identifiable signatures, whereas the currents at the trailing edge of the pattern would be distributed azimuthally over much larger distances at low intensity. In such an asymmetric distribution, measurements of ionospheric flow and ground magnetic perturbations might fail to respond to the distributed closure currents. The pattern could mimic some of the signatures of a single vortex.
More recently, Lanzerotti et al. [1990] have reported on magnetic "impulse" signatures observed at conjugate stations and report reasonably good conjugacy, which is consistent with the model of their generation put forward here. In some of these more recently reported cases, the signatures observed appear to be driven by bipolar current patterns of the sort we discuss, but some of the events are ambiguous. The observation of impulses does not correlate with the orientation of the solar wind magnetic field. l. anzerotti et al. cannot determine whether all the impulses are bipolar or whether there can be unipolar impulses as well.
Although material motion and phase motion are not directly connected, it is important to note that in a disturbance with a surface mode structure (as applies in this case), there is a net nonlinear momentum transport in the direction of phase travel [Southwood, 1979] . A further point that needs to be noted is that our theory predicts vortex generation for any change in solar wind pressure (increase or decrease). It follows that increases and decreases in solar wind pressure, i.e., general buffeting, contribute to anti-solar momenumm transfer into the magnetospheric cavity.
SUMMARY
Our study has been directed at explaining traveling vortical motions recorded in the ionosphere and in particular to examining pressure changes imposed at the magnetopause as a source. A previous paper had pointed out the variety of potential responses that a change in pressure at the magnetopause could produce. Here we have focussed attention on the direct transmission of pressure-induced motion to the ionosphere-by means of the magnetohydrodynamic Alfv6n mode, which naturally gives rise to field-aligned current and vortex motion. We conclude that (1) azimuthal flows are excited at the equatorial magnetopause by an externally applied pressure pulse, (2) the azimuthal flow gives rise to a field-aligned current system and flow vortex pattern similar to what is observed in the ionosphere, (3) a single rise (or fall) in pressure (i.e., a pressure front) gives rise to a pair of vortices of opposite sense, (4) a single pulse (rise and fall) gives rise to two pairs of vortices (a quadropolar configuration), and (5) the model is least capable of explaining isolated current surges (unipolar current). It is important to note that signatures of single current surges may have been seen [Lanzerotti et al., 1987 [Lanzerotti et al., , 1990 ], but it is difficult to confirm the synunet• of the driving currents unless the spatial coverage of the ground observing stations is comparable with the scale of the structures. Should it become certain that unipolar field-aligned currents give rise to some of the impulses, we would be reluctant to attribute them to pressure pulses originating in the solar wind.
